Abstract.-The importance of choice of taxa in phylogenetic analysis has been explored mainly with reference to its effect on the accuracy of tree estimation. Taxon sampling can also introduce other kinds of errors. Even if the sampled topology agrees with the true topology, it may not include the true root node of a clade, a node that is of interest for many reasons. Using a simple Yule model for the diversification process, the probability of identifying this node is derived under random sampling of taxa. For large clades, the minimum sample size needed to be 95% confident of identifying the root node is approximately 40 and is independent of the size of the clade. If rates of diversification differ in the two sister groups descended from the root node, the minimum sample size needed increases markedly. If these two sister groups are so different in diversity that a Yule model would be rejected by conventional diversification tests, then the necessary sample size is an order of magnitude greater than when diversification is homogeneous.
The recent publication of a very large phylogenetic analysis of seed plants based on chloroplast rbcL data (Chase et al., 1993) has raised a number of interesting questions about phylogenetic analyses of large clades. Among these questions are computational issues related to reconstructing optimal trees using heuristic algorithms (Rice et al v 1995) and the choice of taxon sampling scheme for groups that are either large or poorly understood phylogenetically. The rbcL analysis included nearly 500 sequences, a remarkable and possibly record-setting number but one that samples barely 0.2% of seed plant diversity.
Other similarly large clades probably will remain sparsely sampled by systematists for the foreseeable future. How much sampling is enough in groups that are exceptionally species rich? Naturally, we must first agree on "enough for what?" Most recent work on taxon sampling has focused on whether or not the sampled taxa are sufficient to reconstruct the true sample tree (e.g., Lecointre et al v 1993) . The true sample tree is the tree of sampled taxa remaining after unsampled taxa are pruned from the true tree of all the taxa. The issue is accuracy of estimation of the true tree by this sample tree. This issue is important but difficult because the conditions under which phylogenetic algorithms give the correct answer even when all taxa have been sampled are even now understood only in a few special cases, usually for small numbers of taxa (e.g., Huelsenbeck and Hillis, 1993) . When taxa are omitted, as they commonly are in higher level analyses, the effect of omission is less clear. For example, there has been considerable support for the idea that "long" branches should be broken up by sampling additional taxa to prevent an unwanted trip into the "Felsenstein zone" of inconsistency (Felsenstein, 1978) . J. Kim (pers. comm.), however, has recently shown conditions under which more intense taxon sampling actually will increase the likelihood of inconsistency.
However, there are also phylogenetic issues that depend on taxon sampling but are more or less decoupled from the accuracy of the estimated tree. One of these issues is the identification of the root node, or most recent common ancestor, of a clade. Even if one knew that the phylogeny for some sample of taxa were correct, one might not be sure that the root node of that sample tree was the same as the root node of the tree consisting of all representatives of the sampled clade (Fig. 1) . Sometimes the root node would be nested well within the phylogeny of the entire clade. Yet the identification of the true root node is essential. Outgroup analysis rests on the assumption that the "sample" root node represents the real root node. Otherwise, the reconstruction of ancestral states at the sample root node might be rather different from the states that would be reconstructed at the real root node. One method of dealing with large phytogenies is to synthesize root states for large clades that can then be used as terminal taxa. The synthesis of root states for a clade may be biased if the node taken as the root is actually much more apical in the tree than the real root node of the entire clade. Although each of these estimates or analyses may be biased by other factors as well (such as rapid rates of evolution causing inconsistency of estimation of ancestral states), the misleading effect of taxon sampling in and of itself has rarely been discussed. More generally, the identification of the root node amounts to a restriction on the possible phylogenetic relationships of taxa not yet sampled; they will be descendants of that root node rather than sister taxa or more distant relatives. Identification of the root node therefore represents real progress toward understanding a large clade.
In this paper, I derive a simple formula for the probability that the root node of a sample of taxa is the same node as the root node of some larger set of taxa from which the sample was drawn. The formula makes it possible to answer questions such as "what is the probability that the 500 species sampled in the angiosperm rbcL analysis have the same root node as do all 240,000 angiosperms?" The calculation requires two assumptions: (1) a clade has been circumscribed a priori, perhaps on the basis of some shared set of morphological novelties, and (2) diversification (speciation and extinction) occurs according to some model that can be specified. Three such models are examined here; two are extreme and unrealistic, and the third, which is bracketed by the first two, is considerably more reasonable.
DERIVATION
Assume that a sample (w) of k species is drawn from a collection (C) of N species .that form a monophyletic group. Assume that speciation occurs by bifurcation (or equivalently that any apparent polytomies comprise on closer inspection merely remarkably short but non-zero-length branches in a truly bifurcating tree). Let the true phylogeny of C be <$>(€), and let the true phylogeny of <o be 4>(a>), which is obtained merely by pruning away the unsampled taxa from 4>(C). We are not concerned with the phylogenies that are reconstructed by some tree-building algorithm, only with the true tree. Denote the root node of a phylogeny by R(<&). We seek P{R[<D(a>)] = R [&(Q] }, i.e., the probability that the root node of the entire tree is the same as that of the extracted sample tree (Fig. 1) .
The condition R[4>(G>)] = R[3>(C)] will be met if and only if at least one species from VOL. 45 each of the two sister groups descended from the root node of C is included in the sample, a>. The task is to design a sampling scheme that will insure this inclusion. However, unless considerable knowledge about relationships in the vicinity of the root node is available, it may be necessary to rely on simple random sampling of species from C. Given random sampling of taxa, it is enough to know the probability, P (N lf N 2 ) , that the two sister groups will have N a and N 2 taxa, subject to the constraint that N x + N 2 = N. Then, for each possible observation of N x and N 2 , one need only calculate the probability that a random sample will contain at least one species from each of these sister groups. Together this is
The term in brackets is the probability that a random sample of k balls drawn from an urn containing N 1 green balls and N 2 red balls contains at least one green and one red ball. The probability before it depends on the particular model of diversification chosen (i.e., how likely is it that the urn will contain the colors observed), here the probability of the observed diversities (based on some model of diversification). Finally, the summation is included to consider the mutually exclusive events of each of the different possible observations on diversities. It is assumed that N > 1. Now consider three different patterns of diversification, ignoring extinction for the moment. First, suppose that speciation is completely homogeneous and clocklike, such that the tree is balanced and the two sister group diversities are always the same at any time. Equation 1 reduces in this trivial case to p = 1 -2(1/2)*. This equation is independent of the size of the original clade. To obtain a 95% probability of reconstructing the true root node, k must be >6 taxa, and for 99%, k > 8 taxa. This number is perhaps startlingly low.
However, an equally extreme model of diversification generates an entirely unbalanced (comblike or pectinate) tree in which each node is the ancestor of a single species in one sister group and all the remaining species not already accounted for in the other sister group. In that case the required probability is
a number that is generally small unless k is a large fraction of N. For the angiosperm case, we would need a sample of 237,500 species to be sure that we had identified the root node at the 95% level. This result is obviously not as encouraging as was the last result. Clearly, these widely divergent results confirm the worst fears of those that object to the use of models in phylogenetic inference. However, no reasonable model of diversification could produce either of these patterns of sister group diversity. Between these two extreme models lies a class of presumably more realistic diversification models. The Yule or pure-birth model, which uses a Poisson process for speciation in each lineage, has been widely used in studies of diversification (Raup, 1985; Nee et al., 1992) . Its properties are well understood, and it has provided an adequate fit to many real data sets in applications using both fossil data and data on standing diversity alone (reviewed by Sanderson and Donoghue, 1996) . In the present context, it has one very desirable property that leads to a fairly simple reduction of Equation 1. Under a Yule model, every division of the N taxa into two sister groups occurs with equal probability of 1/(N -1). Thus, an observation of 1 and 99,999 species is as probable as 50,000 and 50,000. This seemingly counterintuitive result (Slowinski and Guyer, 1989 ) is actually quite reasonable once it is understood that any particular realization of the stochastic process is just as likely or unlikely. Substituting this as the required probability in The last line is an exact result but can be tedious to calculate without a symbolic math program, even for fairly small N. For moderate to large values of N, the sum can be approximated by an integral in the following way: 
This approximation is quite good over a broad range of N and k unless N is on the order of ^10 species. For N values greater than about 100, which includes all cases that might reasonably be considered "large" clades, Equation 6 simplifies even further to
Oddly enough, Equation 7 is independent of the size of the underlying clade, so long as it is large enough for the approximation to hold (if not, use Eq. 6 or Eq. 4). In the angiosperm case, a sample of about 40 taxa is sufficient to guarantee that the root node of all angiosperms has been identified at a confidence level of 95%. The same results obtain if the clade sampled is considerably smaller. One must also sample about 40 species in the legume genus Oxytropis, which has only 300 species. This assault on intuition can be explained because the distribution of relative diversities in the two sister groups descended from the root node is itself largely independent of how many species have evolved at any point in time.
OTHER MODES OF DIVERSIFICATION
It is unlikely that any large clade diversifies homogeneously during its entire history. Indeed, for angiosperms there is evidence of a shift in diversification rate early in its history, one portion of the clade diversifying much more rapidly than its sister group (Sanderson and Donoghue, 1994) . Angiosperms include some relatively recent and highly species-rich clades, such as the family Asteraceae (composites), which dates from the Oligocene and contains upwards of 21,000 species (Cronquist, 1981 ). The calculations above will be affected by diversification shifts primarily if these shifts are preferentially associated with one of the two sister groups descended from the root node. This might happen if there were a shift in rate in one lineage immediately following the first split, if there were one or more shifts in rate (biased toward increases or decreases) anywhere in one of the sister groups, or even if there were more instances of such biased shifts in one group versus the other. Any of these biases will tend to generate trees that are more asymmetric than expected under the homogeneous model. In turn, larger sample sizes will be needed to ensure that at least one species from the smaller sister group is included in any sample.
Computer simulations were run to examine the effect of nonhomogeneous diversification on the sample size necessary for identification of the root node. The two clades descended from the root were allowed to diversify, each according to a Yule model with a different rate parameter. Then the observed species diversities in the two clades generated from this process were used to calculate the probability of correctly identifying the root node (an exact calculation given by the bracketed term in Eq. 1) for progressively larger samples of taxa. When the fraction among 1,000 simulations indicated 95% confidence for a SYSTEMATIC BIOLOGY
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Ratio of Expected Species Diversity of Larger to Smaller Clade FIGURE 2. Plot of necessary taxon sample size in the case when two sister groups descended from the root node are diversifying at different rates. The ratio of the two rates is indicated along the horizontal axis and is measured in terms of the expected diversities of the two clades after a fixed interval of time. Results are based on computer simulation of a Yule model with different rate parameters in each clade. At a ratio of 1 (homogeneous branching), the sample size is the same as that predicted by the analytical results derived in the text (approximately 40 species). particular sample size, the increase in sample size was halted and its value reported. Figure 2 is a plot of this necessary sample size versus the difference in rate in the two sister clades descended from the root. This rate difference is expressed in terms of the expected species diversity in the clade, which is proportional to e rate . These results indicate that differences in rate are important determinants of sample size. If one clade is five times larger than its sister clade, the sample size needed for 95% confidence in the identification of the root doubles to around 100, whereas if it is 20 times larger the needed sample size increases to nearly 400 species. This difference in species diversity is on the order of what can be detected by conventional tests for differences in diversification rate, such as Slowinski and Guyer's (1989) null model test (reviewed by Sanderson and Donoghue, 1996) . Preliminary data on the phylogeny of a group coupled with such diversification tests may help provide guidance about the sample size needed to correctly identify the root node.
Extinction can be included as a component in the diversification process in a fairly straightforward way. Slowinski and Guyer (1993) showed that random extinction does not alter the probability of the observed sister group diversities, P (N V N 2 ) , under a Yule model. If extinction is biased toward one or the other sister group descended from the root node, then the sample size under a random sampling scheme would have to be increased for much the same reason as outlined in the preceding paragraph.
RANDOM SAMPLING AND ITS ALTERNATIVE
A sample size of about 40 represents at best a lower bound on the sample size necessary for identifying the root node in a large clade. Nonhomogenous diversification rates tend to increase that number. Although sampling of 40 taxa is not unreasonable, the prospect of sampling 2,000 species to obtain a confidence level of 99.9% (see Eq. 5) or even 500 species in cases in which nonhomogeneous diversification is suspected is still beyond the scale of typical phylogenetic investigations. Only some kind of nonrandom sampling can reduce the sample size. For example, systematic sampling (in the statistical sense) based on prior knowledge of relationships in the clade might help. Studies of higher level relationships of angiosperms do not commonly sample Asteraceae (a recent group) in proportion to its species diversity, otherwise about 1 in 12 taxa in such an analysis would belong to that family. Instead, such studies attempt to increase the representation of "basal" taxa. Basal taxa are separated from the root node by fewer nodes than are other taxa. This approach is fine as long as sampling of basal taxa increases the likelihood of sampling species descended from both sister groups of the root node. Sampling of basal taxa does not guarantee this evenhandedness, but it does tend to decrease the probability that a sample will draw most of its representatives from some particularly species-rich clade descended from one of the root node's sister groups. Alternatively, one could use higher taxa as the sampling units on the assumption that most of the shifts in diversification are accounted for in the diversity differences ob-served in those higher taxa. Thus, random sampling of 40 families of angiosperms (supposing we had circumscribed a set of monophyletic families) may be a more effective way to avoid bias than sampling of 40 species.
